Summary The EUROCLUS project included information on residence at diagnosis for 13 351 cases of childhood leukaemia diagnosed in the period 1980-89 in defined geographical regions in 17 countries. A formal algorithm permits identification of small census areas as containing case excesses. The present analysis examines spatial-temporal patterns of the cases (n = 970) within these clustered areas. The objectives were, first, to compare these results with those from an analysis conducted for UK data for the period 1966-83, and, second, to extend them to consider infant leukaemias. A modification of the Knox test investigates, within the small areas, temporal overlap between cases in a subgroup of interest at a putative critical time and all other cases at any time between birth and diagnosis. Critical times were specified in advance as follows: for cases of acute lymphoblastic leukaemia aged 2-4 years, the 18-month period preceding diagnosis; for cases of total leukaemia aged 5-14 years, 1 year before to 1 year after birth; and for infant cases (diagnosed < 1 year), 1 year before to 6 months after birth. Each of the analyses found evidence of excess space-time overlap compared with that expected; these were 10% (P = 0.005), 15% (P = 0.0002) and 26% (P = 0.03) respectively. The results are interpreted in terms of an infectious origin of childhood leukaemia.
Leukaemia is the most frequent childhood malignancy (Parkin et al, 1988) , but the cause of the majority of cases remains unknown (Doll, 1989) . Reports of clusters of leukaemia, usually involving children, have been frequent throughout this century (Alexander, 1993) , but their aetiological significance remains obscure. The EUROCLUS project was established to investigate the geographical pattern of the disease using specialist registry data from a wide spectrum of European countries, and also from Queensland, Australia. The primary objective was to determine whether the disease showed a general tendency to cluster within small areas. The results (Alexander et al, 1998) show statistically significant evidence of clustering, although the magnitude is small. The only previous investigation of spatial clustering of childhood leukaemia (CL) in a large dataset was conducted in the UK (Draper, 1990) . This, too, reported statistically significant evidence of weak clustering. The UK analysis was subsequently extended to examine temporal patterns of cases within the areas that showed most evidence of clustering to test two specific prior hypotheses (Alexander, 1992) , namely (a) that exposure to common infectious agents at certain critical times may cause CL; and (b) that the relevant exposures often occur in the context of a microepidemic in the geographical population; the origin and justification of these hypotheses are reviewed in Greaves and Alexander (1993) and Kinlen (1995) . A second objective of EUROCLUS was to test these hypotheses and make comparisons with the results of the UK analysis (Alexander, 1992) . Specific subgroups of interest are (a) cases of acute lymphoblastic leukaemia (ALL) in the childhood peak, and (b) cases of CL aged 5-14 years. Critical times, specified in advance are for (a) the 18-month period preceding diagnosis, and for (b), 1 year before to 1 year after birth.
A third subgroup of interest that had not been included in the UK analysis is infant leukaemia (diagnosed < 1 year or < 18 months), which has recently emerged as an interesting biological entity as a large proportion of these cases have rearrangement of the MLL gene (Kumar, 1993) . Because these rearrangements are rare in older subjects, except in cases of secondary leukaemia after epipodophyllotoxin therapy, it has been hypothesized that environmental exposures that, like the epipodophyllotoxins, inhibit the action of topoisomerase II may cause infant leukaemias (Ford et al, 1993; Ross et al, 1994) . Twin studies have demonstrated that infant cases with MLL rearrangements arise in utero (Ford et al, 1993) . Thus, the prevailing hypotheses for infant leukaemia, unlike those for older cases, do not relate to exposure to infectious agents. However, as the statistical significance of the EUROCLUS results depended on the inclusion of the infant cases (Alexander et al, 1998 ) the analyses were extended to include infants.
METHODS
The method of analysis of spatial clustering applied to the EURO-CLUS data was the Potthoff-Whittinghill method (Muirhead and Butland, 1996) . The test statistic is based on the sum of statistics calculated for each small census area as 0(0 -1)/E, where 0 and E are the observed and expected numbers of cases. This does not lend itself to ranking of areas with highly variable values of E as the largest values can occur in areas with large populations but with a deficit of observed compared with expected. Alternative methods of ranking based on OIE and the Poisson P-values have been used conventionally, but encounter similar problems in that they are highly sensitive to variations in the expected numbers. A methodological study conducted for EUROCLUS (submitted) identified an alternative ranking statistic [0(0 -1)/E -El that was superior in terms of sensitivity and specificity in identifying clustered areas. This has been used (see Appendix 1) to select up to 25 areas in each geographical region as being the most clustered.
These areas form the basis of the present study. They have also been compared with 'control' areas; significant differences for population mixing and other demographic factors previously associated with CL (Kinlen, 1995) provide confirmation that the algorithm selects for study areas that are aetiologically meaningful (Alexander et al, submitted) .
The present study population consists of all cases of CL diagnosed in the period 1980-89 in the areas defined as clustered in 14 countries that participated in this phase of EUROCLUS. These cases were divided into two diagnostic groups -ALL and other leukaemias. Cases of non-Hodgkin's lymphoma were ascertained for EUROCLUS, primarily for purposes of quality control; they were occasionally used in the selection of cluster areas (see Appendix 1), but have not been included in the present analysis. Three analyses have been conducted corresponding to different definitions of diagnostic group, age at diagnosis and period of risk of a critical group (series A1-A3) specified in advance.
Series Al
Cases of ALL aged 2-4 years at diagnosis with risk period the 18-month period before diagnosis (or age 12 months to diagnosis if that is shorter). This group is defined in such a way as to represent the childhood peak of ALL, and also to ensure that the risk period was entirely distinct from the time around birth.
Series A2
Cases of childhood leukaemia aged 5-14 years at diagnosis with risk period from 1 year before to 1 year after birth. (Knox, 1964 The expected number (E) of pairs linked in both space and time under the null hypothesis of no space-time interaction is ST/N. In the classical Knox test, there is just one series of cases and one time of risk and a is compared with E, using the approximating Poisson distribution or a permutation or Monte Carlo test in which S, T and N are all held fixed. The present analysis uses a modification of the Knox test identical to that of Alexander (1992) . This uses a Monte Carlo procedure; the array of dates of birth/dates of diagnosis pairs of the entire study population were randomized within diagnosis group within country/region while keeping the small area of diagnosis arrays fixed. The numbers of cases in both diagnostic groups are thus held constant for individual small areas. Within each country/region, the following also remain constant: (a) the number of cases in each series, (b) the total number (N) of pairs of cases, (c) the number of these pairs (T) linked in time, (d) the age, time of birth and time of diagnosis distributions for each diagnostic group. However, the number of cases in series Al (or A2, A3) in individual small areas will change and so the number of space linkages (S) and hence E will vary [The randomization could have been applied separately to age groups within ALL, ANLL that would have kept S fixed but the methodology of Alexander (1992) has been followed precisely. This also allows the use of identical randomization procedures in each analysis.] Monte-Carlo testing has been applied to the standardized Z statistic of the Knox test that takes account of this:
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where 0 is the observed number and E the expected number of space-time linkages summed over countries/regions. Although no assumptions are required for the analysis of the space-time data, it is prudent to apply two simple assumptions when interpreting the results in terms of exposure to an infection occurring at the place of residence (see also, Smith et al, 1976; Alexander, 1992 
RESULTS
The cases in the study population (Tables 1 and 2) are from 14 countries and show the usual high frequency of ALL at the childhood peak ages. Two countries (Switzerland and France) had fewer than 25 areas meeting the threshold for selection as clustered. The remainder all had 25 areas selected but the size (in terms of population at risk) of the areas varied by country and, in consequence, the number of cases is quite variable. The proportion of infant cases in the clustered areas is slightly higher than in the total dataset.
Results (Tables 3 and 4) show, for analyses of series Al and A2, highly significant overall excesses of pairs linked in both space and time. The patterns are qualitatively present in the majority of individual countries, although certain ones are particularly influential: Spain, UK and Italy for series Al; and Australia and Spain for series A2. Results for Europe remain statistically significant. A small number of countries have a deficit of space-time pairs; these include Germany and Sweden for series Al and Norway for series A2. Excess space-time pairs are seen for countries that did not show evidence of generalized clustering (Alexander et al, 1998) as well as those that did.
For series A3 (infant cases), the number of cases was much smaller and, in consequence, statistical power was reduced. The results (Table 5) show a larger and statistically significant percentage excess (26%) of observed to expected space-time pairs with individual excesses in each country apart from England and Wales based, often, on very small numbers.
Thus, the temporal distributions of the cases diagnosed in the clustered areas were non-random. Analyses for other definitions of series A, specifically, other sets of critical periods (in particular, young ALL cases around the time of birth, and older cases close to diagnosis) did not reveal evidence of space-time linkage.
DISCUSSION
One clear conclusion follows from the present results: testing for the predicted space-time patterns has confirmed their presence and This may be a duplicate case or a twin but in either event it is conservative to exclude from these analyses. Infectious origin and childhood leukaemia 815 the evidence is highly statistically significant. The results confirm those previously reported for ALL in UK data. The method, although based on that of Knox, addresses more specific aetiological hypotheses and is also more complex than tests of space-time clustering using time and place of diagnosis. The last tests have been applied widely to CL with somewhat equivocal conclusions (for example van Steensel-Moll et al, 1983 ) and positive results most frequent for young children (0-4 years) (Alexander, 1993) . The Knox test has not been applied to the present data, with the exception of Greece where marked space-time interaction was observed for this youngest age group . As many animal leukaemias are caused by viruses (Onions, 1985) and some related human conditions by viruses and bacteria (Robert-Gurroff and Gallo, 1983; Wotherspoon et al, 1993; Schultz and Neil, 1996) , the hypothesis that childhood leukaemia is caused by similar exposures is plausible. Studies by Kinlen and colleagues (reviewed in Kinlen, 1995) are difficult to explain, except in terms of increase in risk of leukaemia consequent upon exposure patterns that pertain when herd immunity is dysregulated by population mixing. These studies provide little guidance concerning critical times of exposure. Other epidemiological data provide persuasive, although indirect, evidence to support the hypothesis (Greaves and Alexander, 1993; Greaves, 1997 ) that delayed first exposure to an unknown infectious agent (or agents) may cause ALL at the childhood peak ages. The evidence includes the evolution of the peak as societies 'modernize', and increased risk for children likely to have been protected from early infection relative to their peers -with increases in firstborn children (Fraumeni and Miller, 1967) , those substantially younger than their siblings (Kaye et al, 1991) , those living in isolated areas (Alexander et al, 1990) , and decreases in those hospitalized for infectious disease as infants (van Steensel-Moll et al, 1986) and those attending preschool groups as infants (Petridou et al, 1993) . Series Al was chosen to address the above hypothesis.
The second hypothesis of interest is that in utero or neonatal exposure to an infectious agent or agents contributes to CL in older children. The justification for this and the selection of series A2 in the original analysis (Alexander, 1992) were considerably weaker; they came directly from the analysis of residential histories in two case-control studies (Smith et al, 1976; Alexander et al, 1992) with indirect support coming from comparisons of the ages of the persons most likely to have been involved in mixing with the ages of the subsequent leukaemia excess in Kinlen's studies in which, in general, mixing of adults is associated with excess CL outside the childhood peak ages (reviewed in Alexander, 1993) . Mixing of adults will most obviously influence children in utero or during early life.
To test these hypotheses using the present study design, some assumptions are required (see Methods). Assumption I is unlikely to be precisely true: some of the children will have moved between birth and diagnosis and, in particular, between contact with a causative infection and diagnosis. However, we have selected areas in which the excess leukaemia risk is likely to have a degree of permanence (indicated by the excess incidence calculated over a 10-year period) and in which, if the area has any aetiological significance, (most of) the affected children would have been living when a critical exposure occurred. The same selection of areas was applied for the same reason in the earlier analysis (Alexander, 1992) .
We turn now to Assumption II. If infectious organisms can contribute to (some) cases of childhood leukaemia, then these cases will have been exposed at some time before their diagnosis. For some, perhaps most, of these children, exposure will have occurred in the area in which they were then living. It is reasonable to suppose that the opportunity for exposure of other children living in that area was increased at the same time. The child would be a marker of excess risk of exposure in the local community at this (unknown) point in time. As the time cannot be identified and latent periods may be highly variable, it is prudent to interpret this as marking excess risk 'on average' over the entire time from conception to diagnosis. This provides support for Assumption II, although social mobility will lead to exposures elsewhere. Selection of high-risk areas should, as has been argued above, minimize this. We note that the assumptions are strictly required only for a limited set of cases at specific times. The present results, taken together with those of Alexander (1992) are, at least, consistent with the hypotheses outlined above British Journal of Cancer (1998) 77 (5), [812] [813] [814] [815] [816] [817] and it is reasonable to argue that they offer support for them. If so, they suggest that the agents need not be age-nor subtype-specific, although critical times of exposure may well be specific. For the childhood peak of ALL, they point to post-natal rather than to in utero exposure, which has been proposed by Smith, 1997. Other explanations for the present findings are certainly possible but rather contrived. These include ones involving environmental 'accidents' (i.e. short-term release of chemical or other pollutants).
Exposures to cyclical epidemic infections could possibly be involved. Other analyses have indicated that a small number of the clustered areas are near to environmental hazards previously associated with increased incidence of CL (EUROCLUS, 1997) .
Further clarification of these findings (in the absence of identification of causative agents) will require analyses of complete residential histories and these are in progress.
Analyses of infant cases (series A3) were not included in the previous study but the results are statistically significant and the percentage excess of space-time linkages both large and concentrated. Although exposure to infections is not often considered as a factor in the aetiology of infant leukaemia, one of Kinlen's studies found an excess only for children under the age of 2 years and the largest excess was for infants (Kinlen and Hudson, 1991) ; as noted above, EUROCLUS found infants to be intrinsically involved in spatial clustering, but the MLL status of the infant cases is unknown. Thus, the present results cannot be interpreted as indicative of an infectious aetiology for infant leukaemias having MLL gene rearrangements. They do nevertheless point to sharing of aetiological exposures by at least a minority of infant leukaemias with older cases and suggest that these exposures may be to common infectious agents. Characterization of the relevant infant subgroup must be an important research priority.
